Trees generally maintain a small safety margin between the stem water potential (Ψ stem ) reached during seasonal droughts and the Ψ stem associated with their mortality. This pattern may indicate that species face similar mortality risk during extreme droughts. However, if tree species vary in their ability to regulate Ψ stem , then safety margins would poorly predict drought mortality. To explore variation among species in Ψ stem regulation, I subjected potted saplings of six tropical tree species to extreme drought and compared their responses with well-watered plants and pretreatment reference plants. In the drought treatment, soil water potential reached <−10 MPa, yet three species, Bursera simaruba (L.) Sarg., Cavanillesia platanifolia (Bonpl.) Kunth and Cedrela odorata L. had 100% survival and maintained Ψ stem near −1 MPa (i.e., desiccation-avoiding species). Three other species, Cojoba rufescens (Benth.) Britton and Rose, Genipa americana L. and Hymenaea courbaril L. had 50%, 0% and 25% survival, respectively, and survivors had Ψ stem <−6 MPa (i.e., desiccation-susceptible species). The desiccation-avoiding species had lower relative water content (RWC) in all organs and tissues (root, stem, bark and xylem) in the drought treatment than in the reference plants (means 72.0-90.4% vs 86.9-97.9%), but the survivors of the desiccation-susceptible C. rufescens had much lower RWC in the drought treatment (44.5-72.1%). Among the reference plants, the desiccation-avoiding species had lower tissue density, leaf-mass fraction and lateral-root surface area (LRA) than the desiccation-susceptible species. Additionally, C. platanifolia and C. odorata had reduced LRA in the drought treatment, which may slow water loss into dry soil. Together, these results suggest that the ability to regulate Ψ stem during extreme drought is associated with functional traits that favor retention of stored water and that safety margins during seasonal drought poorly predict survival during extreme drought.
Introduction
Given that water is critical for plants and that their responses to water are complex, predicting the effects that future shifts in water availability will have on ecosystems is a pressing challenge in ecology. Recent droughts have been linked to extensive tree die-offs and altered species composition in forests worldwide (Allen et al. 2010) ; however, our ability to predict drought impacts is limited by knowledge on how trees endure drought. The mechanisms by which droughts kill trees remain unresolved (McDowell et al. 2008 , Anderegg et al. 2012 ), yet mounting evidence indicates that trees must maintain the water potential of their stems (Ψ stem ) above levels that cause an appreciable loss of hydraulic conductivity (e.g., the Ψ stem at 50% or 80% loss of conductivity; P50 or P80, respectively) in order to prevent stem dieback and death (Sperry and Love 2015) . There is a global convergence among forest ecosystems in that trees tend to maintain a similar safety margin between Ψ stem and P80 of~2 MPa, leading to the prediction that the risk of dieback during extreme droughts is similar among forests worldwide (Choat et al. 2012 ).
However, if tree species vary in their ability to regulate Ψ stem during extreme droughts, then safety margins under normal or non-stressed conditions would not reflect their ability to survive extreme droughts. Regulation of Ψ stem during drought varies widely among species and has been described as strategies of 'drought tolerance' and 'drought avoidance' (Levitt 1972) . Here, these are referred to as 'desiccation tolerance' and 'desiccation avoidance' to avoid confusion with related terms like 'drought resistance' (c.f., Pineda-García et al. 2013) . Desiccation tolerance involves sustaining hydraulic conductance despite low Ψ stem by fortifying tissues (i.e., low P50 and P80), while desiccation avoidance involves maintaining homeostasis in Ψ stem during drought (Levitt 1972) .
Strategies for survival are limited to desiccation avoidance during extreme droughts, when soil water potential (Ψ soil ) in the rooting zone is below that at which trees can extract water (i.e., when Ψ soil is at or below the point when soil-to-leaf hydraulic conductance is zero, Sperry and Love 2015) . Therefore, predicting how forests will respond to extreme droughts will require understanding the mechanisms by which trees avoid desiccation. Yet, the mechanisms of desiccation avoidance are currently understood much more poorly than those of desiccation tolerance (e.g., Kursar et al. 2009 ). In particular, trade-offs in tissue structure and resource allocation may permit species to employ divergent responses, all of which maintain Ψ stem homeostasis. For example, plants can use capacitance (i.e., water released per ΔΨ stem ) to buffer Ψ stem against water loss or effectively stop water loss through stomatal control and deciduousness. Also, there are two distinct strategies of roots. Roots can increase the water supply through root extension into wetter soil. Or, roots can disconnect from dry soil to avoid losing tissue water to the soil, resulting in disequilibrium between Ψ stem and Ψ soil (Nobel and Cui 1992, Holbrook 1995) .
To explore mechanisms of desiccation avoidance among tropical tree saplings, I subjected six dry-forest tree species with a wide range of putative drought-response strategies with conditions equivalent to an extreme drought. The experiment was conducted within pots in order to control the saplings' access to soil water. Drought responses were compared with those of well-watered saplings. The ability to avoid desiccation and the physiological and functional traits associated with this ability were the major focus of the experiment. Specifically, the following questions were addressed with regard to extreme drought: (i) Can saplings achieve disequilibrium between Ψ stem and Ψ soil ? (ii) To what degree does desiccation avoidance rely on preventing water loss to maintain Ψ stem vs relying on capacitance despite water loss? (iii) What organs and tissues are the most important sources of stored water? (iv) Do leaf shedding and lateral-root shedding prevent water loss? (v) What functional traits are associated with desiccation avoidance?
Materials and methods

Plant material and growing conditions
Tree species were selected to represent a variety of putative drought-response strategies based on their wood density and leaf phenology. The species are widespread in moist and dry forests of Panama. Seeds were collected from March to May 2012. Cavanillesia platanifolia, Cedrela odorata and Hymenaea courbaril L. seeds were collected from Parque Natural Metropolitano (8°59′N, 79°32′W), a forest that is transitional between moist and dry located in Panama City, Panama, with mean annual rainfall of 1800 mm. Bursera simaruba (L.) Sarg., Genipa americana L. and Cojoba rufescens (Benth.) (Britton and Rose) seeds were collected from the Eugene Eisenmann Reserve (8°31′N, 79°53′W), a dry forest in Coronado, Panama, with mean rainfall of 1592 mm (Wolfe and Kursar 2015) . Hereafter, the focal species will be referred to by genus name. For each species, seeds were collected from more than five trees, with the exception of Hymenaea, for which seeds were collected beneath a single individual. Upon collection, the seeds were sown in flats with a 1:1 mixture of river sand and topsoil collected from Barro Colorado Island (9°9′N, 79°51′W), a seasonally dry moist forest in central Panama. Germinates were transferred to 1.7 l pots with a 1:9 mixture of sand and topsoil. They were grown in a shadehouse with~20% full sunlight and allowed to receive rainwater. During the 2013 dry season (January to May 2013), the pots were watered to saturation every 2-3 days. In July 2013, the saplings were transferred to 6.5 l (30 cm depth) pots to prevent root binding. The pots were then arranged so that six saplings of each species were located on each of four tables in the shadehouse.
Near the onset of the 2014 dry season (3-18 December 2013), eight saplings per species were harvested for pretreatment reference measurements ('reference plants'). Subsequently (18 December 2013), a transparent plastic sheet was placed over the shadehouse roof to exclude rainwater from the pots. Eight saplings per species were selected randomly and watered to soil saturation every 2-3 days ('watered treatment'), while the other eight saplings of each species were subjected to drought by excluding water ('drought treatment'). The watered-and droughttreatment saplings were harvested near the end of the dry season (17 March 2014 -16 April 2014 , so that water was excluded from the drought-treatment saplings for 89-119 days. The harvest dates were spread over several weeks because the extensive post-harvest measurements (described below) could only be achieved on four saplings per day.
The saplings were harvested in the morning (8.00-9.00 a.m.). Their pots were cut open lengthwise and soil was collected throughout the radial profile at 10 and 20 cm depth to measure soil water potential (Ψ soil ). Soil from each depth was used to fill two aluminum chambers (25 mm diameter × 45 mm in depth) that were attached to leaf-cutter psychrometers (Merrill Engineering, Logan, UT, USA) and measured for Ψ soil with the protocol of Kursar et al. (2005) .
When the saplings were harvested, soil in the drought treatment was extremely dry; Ψ soil was commonly below the range that the psychrometers could measure (−10 MPa). In order to assess soil moisture in the drought treatment, gravimetric soil water content (GWC) was also measured. The soil that was placed in the psychrometer chambers was weighed for fresh mass (FM) then dried at 100°C for >72 h and weighed for dry mass (DM). Gravimetric soil water content was calculated as 100 × (FM − DM)/DM. I tested whether GWC in the drought treatment varied among species with ANOVA, with species as a fixed effect and table as a random block effect, followed by Tukey honest significant difference (HSD) tests. At 10 cm depth, Cojoba had significantly higher GWC than the other species, otherwise there were no differences among species ( Figure S1 available as Supplementary Data at Tree Physiology Online). At 20 cm depth, Cojoba had significantly higher GWC than all other species except Cavanillesia, while Cavanillesia had significantly higher GWC than Genipa ( Figure S1 available as Supplementary Data at Tree Physiology Online). These results indicate that saplings in the drought treatment were generally exposed to similar drought conditions, except for Cojoba, which was exposed to slightly milder drought conditions than the other species.
To test whether Ψ soil varied among species in the reference plants and the watered treatment, ANOVA was used as described above for GWC. There were no differences among species in Ψ soil at either 10 cm or 20 cm depth in either the reference plants or the watered treatment ( Figure S2 available as Supplementary Data at Tree Physiology Online). In the reference plants, mean ± SE of Ψ soil was −0.66 ± 0.02 and −0.70 ± 0.02 MPa at 10 and 20 cm depths, respectively. In the watered treatment, Ψ soil was −0.52 ± 0.03 and −0.59 ± 0.02 MPa at 10 and 20 cm depths, respectively. Thus, all species had similar, well-watered growing conditions in the reference and watered treatments. During the experimental treatments, air temperature in the shadehouse was 27.3 ± 2.8°C (mean ± SD) and the vapor pressure deficit was 0.9 ± 0.6 kPa ( Figure S3 available as Supplementary Data at Tree Physiology Online).
Growth, phenology and CO 2 assimilation
The number of leaves was counted on all saplings and their basal diameter was measured in December 2013, before the reference plants were harvested. Stems were marked with a permanent marker at 5 cm above the soil line, where diameter was measured twice perpendicularly with calipers to the nearest 0.05 mm and averaged. Diameter and leaf-number measurements were repeated on saplings in the watered and drought treatments every 15-30 days and again when they were harvested.
Leaf-area-based CO 2 assimilation rate (A area ) was measured on four randomly selected saplings per species in December 2013, before the reference plants were harvested. A area was measured on the most recent fully expanded leaf with an LI-6400 portable photosynthesis device (Li-Cor Biosciences, Lincoln, NE, USA) set to 1200 μmol m −2 s −1 photosynthetic photon flux density provided by a red blue light source (6400-02B, Li-Cor Biosciences) with air temperature and relative humidity at ambient levels and CO 2 at 400 ppm. Leaf-mass-based assimilation rate (A mass ) was calculated by dividing A area by the mean leaf mass per area of the reference plants on which A area was measured.
Plant-water potential, water released and morphology
Upon harvesting the saplings, they were rinsed of soil and the rinse water was passed through a 2-mm mesh screen to collect disconnected roots. Each sapling was divided into leaves, petioles, stem, taproot (i.e., axis) and lateral roots. The FM of each was measured. Live and dead roots were distinguished by their color and friability (Powers and Peréz-Aviles 2013) and dead roots were excluded from analyses. Ψ stem was measured at 4-5 cm height by excising sections of the stem, placing them in leaf-cutter psychrometer chambers (Merrill Engineering), and following the psychrometric protocol of Kursar et al. (2005) . Three replicates per sapling were measured and Ψ stem was taken as the mean. Likewise, root water potential (Ψ root ) was measured on the taproot at 2-3 cm depth.
On each sapling, tissue samples were removed with razor blades to assess water loss. Stem and taproot sections 2 cm in length were removed at 6 cm height and 4 cm depth, respectively. Another stem section 2 cm in length was collected at 8 cm height and divided into xylem, bark (all tissue radially distal to the xylem, including the cambium) and pith. Pith was not analyzed because it was usually too small for analysis. Each sample (stem, root, xylem and bark) was measured for FM then for fresh volume (FV) with water displacement on a digital balance, submerged in distilled water for 24 h and measured for saturated mass (SM) and saturated volume (SV), oven dried at 60°C for >72 h, and weighed for DM. For each sapling, dissection for Ψ and water-loss samples was completed within 20 min, during which time the samples were enveloped in moist paper towels. This technique was shown to be effective in preventing water loss during dissection (Wolfe and Kursar 2015) . Three complementary measurements of water loss were calculated. Relative water content (RWC) was calculated as 100 × (FM − DM)/(SM − DM). The mass of water released per FV (WR FV ) was calculated as (SM − FM)/FV. Although commonly reported (e.g., Schulze et al. 1988 , Meinzer et al. 2003 , Wolfe and Kursar 2015 , WR FV may overestimate water released since water release from elastic tissues results in volume loss. Therefore, the amount of water released based on SV (WR SV ) was calculated as (SM − FM)/SV. Saturated tissues are used as a baseline for RWC, WR FV and WR SV . I verified that samples were fully saturated by comparing SM to the theoretical maximum SM based on tissue density (Simpson 1993) . Measured SM was 98.8 ± 1.8% (mean ± SD) of theoretical SM (Table S1 available as Supplementary Data at Tree Physiology Online). Yet, stem tissues are rarely saturated in vivo (Poorter 2008) . Therefore, differences in RWC, WR FV and WR SV between the drought treatment and the reference plants and watered treatment were interpreted as the water loss due to drought.
Leaf area was measured with an LI-3100 area meter (Li-Cor Biosciences). The lateral roots were arranged flat on a sheet of white paper that was back lit with fluorescent lights and photographed from above with a digital camera. The photographs were processed with GiA Roots software to measure the surface area of the lateral roots (LRA) and their total length (Galkovskyi et al. 2012 ). All plant parts were oven-dried at 60°C for >72 h and weighed for DM. The DMs of the segments extracted to measure Ψ and tissue water loss were summed with the remaining sections of stem and taproot to calculate the total DM of these organs.
Survival
Saplings were determined as dead when their stems were not green after scraping the bark. This determination was verified by measuring Ψ stem and Ψ root of two to three apparently dead saplings of each species, which were <−10 MPa (below the range of the psychrometers and likely below the saplings' survival threshold). Of the eight saplings of each species in the drought treatment, mortality occurred in eight, six and four saplings of Genipa, Hymenaea and Cojoba, respectively, while Bursera, Cavanillesia and Cedrela had no mortality. Since most of the drought-treatment saplings were leafless when harvested, to confirm that they were alive, five additional saplings of each species were subjected to the entire 119-day drought concurrent with the experimental saplings before being rewatered as per the watered treatment. Among these saplings, all of the Bursera, Cavanillesia and Cedrela flushed new leaves within days of rewatering while none of the Genipa, Hymenaea and Cojoba flushed leaves, resprouted or showed any sign of life even after 8 weeks of watering. So, due to a lack of survivors in the drought treatment, Genipa and Hymenaea saplings from the experimental treatments were not harvested to measure plant-water relations (e.g., Ψ, RWC and LRA). For Cojoba, plant-water relations were measured on the four saplings that survived the drought treatment and the eight saplings from the watered treatment.
Data analysis
To test whether the experimental treatments affected plantwater relations, I used ANOVA with a randomized complete block design for each species, with treatment (i.e., reference, watered and drought) as a fixed effect and shadehouse table as a randomized block. Response variables were Ψ stem , Ψ root , and RWC, WR FV and WR SM of the stem, root, bark and xylem. Differences between treatments were tested with Tukey HSD tests. Similar ANOVA models were used to test whether the experimental treatments affected LRA. For each species, LRA was the response variable, treatment, stem basal area and their interaction were fixed effects, and shadehouse table was a randomized block. Stem basal area was included as a cofactor because LRA increases with plant size. Within each species, LRA was compared between treatments at the mean stem basal diameter of the drought treatment with Tukey HSD tests using the lsmeans package in R (Lenth 2016) .
If taproots are important reservoirs of stored water that buffer Ψ stem and Ψ root against water loss, then more water would be released from the taproot vs the stem during drought. In order to test this, the total mass of water released from the taproot was estimated by multiplying root WR FV by the volume of the taproot (calculated by dividing total taproot DM by taproot density measured on the WR FV segment). The total mass of water released from the stem was estimated the same way. Then, for each species, total water released from the taproot was plotted against total water released from the stem and a regression was fit with standardized-major-axis regression. The smatr package in R was used to test whether the slope varied from unity (Warton et al. 2012) . A slope >1 would indicate that saplings released more water from taproots than stems when exposed to drought.
Similarly, in order to test whether saplings released more water from bark vs xylem, the mass of water released from the bark tissue segment (bark SM − bark FM) was plotted against the mass of water released from the xylem tissues segment (xylem SM − xylem FM). Since, for each sapling, the bark and xylem tissue segments were extracted from the same section of stem, this controlled for the proportion of stem composed of each tissue. Standardized-major-axis regression was used to test whether the slope of water released from the bark vs xylem tissue segments differed from unity as described above for the total mass of water released from the taproot vs stem.
The strong pattern of divergent drought survival among species (high: Bursera, Cavanillesia and Cedrela vs low: Cojoba, Genipa and Hymenaea) enabled an exploration of the functional traits associated with desiccation avoidance. Since the species with low drought survival also reached low Ψ stem and Ψ root (see Results), I termed these species 'desiccation susceptible' regarding their experimental performance. From the reference plants, the following functional traits were derived: wood density, bark density, ratio of bark volume to xylem volume (measured on the water-loss samples), leaf mass per area, A area , A mass , leafmass fraction, stem-mass fraction, root-mass fraction (each organ mass fraction is the dry weight of the organ divided by the dry weight of the entire plant), specific root length (total lateralroot length divided by total lateral-root DM) and LRA per stem basal area. Leaf retention time of droughted saplings was calculated as the number of drought days at which saplings shed 50% of their leaves, following Méndez-Alonzo et al. (2012) . For each sapling, the percentage of leaves relative to predrought (PL) was plotted as a function of drought days (D) and Tree Physiology Volume 37, 2017 a sigmoidal function was fit with the form PL = 100/(1 + exp(a × (D − b))). When the 'a' term could not be constrained (i.e., time series with <2 censuses at 0 < PL < 100), it was set as a = 1. For each sapling in the watered treatment, relative growth rates of stem diameter and leaf number were calculated with simple linear regression with treatment days as the explanatory variable and stem diameter and leaf number (relative to the first census), respectively, as response variables. These were considered indices of dry-season dormancy, assuming that saplings that exhibit dry-season dormancy would not grow during the dry season even when conditions are conducive to growth, such as in the watered treatment. Each functional trait was compared between drought-response types (desiccation avoiding vs desiccation susceptible) with a mixed-model ANOVA, with drought-response type as a fixed effect and species and shadehouse table as random effects.
Results
When the saplings were harvested 10-15 weeks after the onset of the dry season, soil in the droughted pots was extremely dry. Most pots of the surviving plants that were assessed for water relations (see Materials and methods) had Ψ soil that was lower than the psychrometers' measurement range (i.e., <−10 MPa) at 10 cm depth, except for three Cojoba saplings and one Hymenea sapling for which Ψ soil ranged from −5.71 to −9.26. All had Ψ soil <−10 MPa at 20 cm depth except one Cojoba sapling for which Ψ soil was −6.63 MPa. Despite the dry conditions in the drought treatment, the saplings of Bursera, Cavanillesia and Cedrela maintained Ψ stem and Ψ root near −1 MPa, which did not differ from the Ψ stem and Ψ root of the pretreatment reference plants (Table 1 ). In contrast, the four Cojoba saplings that survived the drought treatment (out of eight) had Ψ stem and Ψ root near −6 MPa, significantly lower than the reference plants and the saplings in the watered treatment (Table 1) . Since Genipa and Hymenaea had high mortality in the drought treatment (Table 1) , these species were excluded from analyses of plant-water relations. However, the two surviving Hymenaea saplings had relatively low Ψ stem and low root Ψ root . Their Ψ soil at 10 cm depth was −5.71 and <−10 MPa, and at 20 cm depth, −7.15 and <−10 MPa.
For all of the species assessed, all tissues and organs showed similar patterns of RWC among treatments (Figure 1 ): for each, RWC did not differ between the reference plants and watered treatment (Tukey HSD, P > 0.08; range of means = 86.9-97.9%), yet it was significantly lower in the drought treatment than in the reference plants and the watered treatment (Tukey HSD, P < 0.005). Among species, the drought-treatment RWC values were generally similar for Bursera, Cavanillesia and Cedrela (Figure 1 , range of means = 72.0-90.4%), but much lower for Cojoba (range of means = 44.5-72.1%). These patterns held for WR FV and WR SV (i.e., no differences between reference plants and watered treatment, higher values in the drought treatment and drought-treatment values generally twice as high in Cojoba than in the other species; Figures S4 and S5 available as Supplementary Data at Tree Physiology Online).
The relationship between the total mass of water released from the taproot vs the stem varied among species. Bursera and Cedrela released more water from the stem (Figure 2a and c; slopes <1) while Cavanillesia and Cojoba released similar amounts of water from the taproot and stem (Figure 2b and d ; slopes do not differ from 1). Likewise, the relationship between the mass of water released from bark vs xylem tissues within stem segments varied among species. Bursera and Cedrela released more water from bark than xylem (Figure 2e and g; slopes >1), while Cavanillesia and Cojoba released more water from the xylem than the bark (Figure 2f and h; slopes <1) .
The response of LRA to the watered and drought treatments was different for each species (Figure 3 ). For Bursera, LRA per stem basal area was low compared with the other species (Table 2) and LRA did not differ from the reference plants in either the watered or drought treatments (Figure 3a) . For Cavanillesia, LRA was lower in the drought treatment than in the reference plants, while LRA in the watered treatment did not differ from the reference or the drought treatment (Figure 3b ). For Cedrela, LRA was lower in the drought treatment than the in Table 1 . Stem and root water potential (Ψ stem and Ψ root , respectively) in the reference plants and experimental treatments for each of the study species. Percent survival is the drought treatment is shown. All species had 100% survival in the reference plants and watered treatment. Water potential values are mean ± SE, n = 8 except for Cojoba and Hymenaea in the drought treatment, where n = 4 and 2, respectively. Since Genipa and Hymenaea had low survival in the drought treatment, most saplings from the experimental treatments were not harvested to measure Ψ stem and Ψ root (NA). Within species, values that share letters are not significantly different (Tukey HSD, P > 0.05).
Species
Survival ( Tree Physiology Online at http://www.treephys.oxfordjournals.org reference plants and watered treatment (Figure 3c ). In contrast, for Cojoba, LRA was nearly twice as high in the drought treatment as in the reference plants and the watered treatment (Figure 3d ). The three species that had 100% survival and maintained high Ψ stem and Ψ root in the drought treatment (Bursera, Cavanillesia and Cedrela; i.e., desiccation-avoiding species) differed from the three species with low survival and low Ψ stem and Ψ root (Cojoba, Genipa and Hymenaea; i.e., desiccation-susceptible species) in many of the functional traits that were compared among species (Table 2) . The desiccation-avoiding species had lower wood density, bark density, leaf mass per area, leaf-mass fraction, LRA per basal area and, marginally, watered-treatment growth in leaf number and basal diameter; they also had higher stem-mass fraction. However, the two groups did not differ in A area , A mass , specific root length, root-mass fraction or, surprisingly, leaf retention time (Table 2, Figure 4 ).
Discussion
Desiccation avoidance during extreme drought
The length of the drought imposed on saplings in this experiment (89-119 days) was typical for tropical dry forests, where dry seasons last 3-6 months (Murphy and Lugo 1986) . The intensity of the drought (Ψ soil <−10 MPa) was extreme for tropical dry forests, but still realistic. In a companion study, Ψ soil was measured in the transitional-and dry-forest sites where seeds were collected for this experiment (Wolfe et al. 2016) . Near the end of the 2013 dry season in the transitional forest, at 10 and 20 cm depths, Ψ soil was −2.2 ± 0.4 and −2.4 ± 0.6 MPa (mean ± SE), respectively, while in the dry forest Ψ soil was −6.1 ± 0.8 and −5.7 ± 0.6 MPa, respectively. In the dry forest, one of the four sampling pits had Ψ soil <−10 MPa at 10 cm depth. Similarly, during the dry season in a Bolivian dry forest, soil at 0-20 cm depth on hill tops had Ψ soil of −5.5 ± 1.5 MPa (mean ± SE) with a range to <−10 MPa (Markesteijn et al. 2010) . During the late dry season in a Mexican dry forest, soil at 0-10 cm depth had mean ± SD Ψ soil of −49.9 ± 12.5 MPa (Lebrija-Trejos et al. 2010), although this probably does not represent Ψ soil within the soil profile since Ψ soil generally becomes less negative with depth Kursar 2003, Markesteijn et al. 2010) . In a drier ecosystem, the Sonoran Desert, Ψ soil at 0-10 cm depth reached <−10 MPa after 30 days without rain (Nobel and Cui 1992) . Together, these results suggest that the drought intensity in this experiment was higher than normal for shallow soil layers in tropical dry forests, but may be increasingly common as climate change continues to influence droughts.
In companion studies, saplings of four of the six study species were measured for P80 and dry-season Ψ stem in the forests of provenance for the experimental saplings (Table 3 ; Kursar 2015, Wolfe et al. 2016 ). In the forests, the mean safety margin (i.e., Ψ stem minus P80) among species was 1.34 ± 0.51 MPa, which is similar to the global average (Choat et al. 2012) . Bursera and Cavanillesia maintained low safety margins in the forests (0.72 and 0.97 MPa, respectively) and in the much drier soil of the experimental drought treatment (0.86 and 0.79 MPa, respectively). Genipa also maintained a relatively low safety margin in the forest (0.79 MPa), yet it was unable to Boxes delineate the first to third quartiles and are bisected by the median; bars extend to minimum and maximum observations within 1.5 times interquartile range; and circles represent outliers. Within each panel, the drought treatment had significantly higher water released than the reference plants and the watered treatment (Tukey HSD, P < 0.05), while reference plants and the watered treatment did not differ (P > 0.05).
Tree Physiology Volume 37, 2017 survive in the drought treatment. In contrast, the relatively large safety margin of Cojoba in the forest (2.86 MPa) was reduced to nearly zero in the saplings that survived the experimental drought (0.18 MPa). The result that Cojoba had 50% survival when survivors had Ψ stem near P80 adds to the growing evidence that drought mortality is associated with catastrophic loss of stem hydraulic conductance (McDowell et al. 2008 , Kursar et al. 2009 , Urli et al. 2013 ). However, the result that the dryseason safety margins were not associated with safety margins or survival in the drought treatment (Tables 2 and 3) suggests that safety margins during seasonal droughts do not accurately predict survival under extreme drought. In contrast to recent predictions (Choat et al. 2012, Delzon and Cochard 2014) , safety margins may not be particularly useful for predicting how forests will respond to climate change. Indeed, a recent meta-analysis found that safety margins were not associated with drought mortality rates among angiosperm tree species (Anderegg et al. 2016) . However, safety margins were associated with drought mortality rates among gymnosperms (Anderegg et al. 2016) . In contrast to gymnosperms, the more complex and varied wood structure among angiosperms (e.g., variation in the proportion of parenchyma cells within wood) may enable divergence among species in the ability to regulate Ψ stem , and thus limit the importance of safety margins.
Likewise, species' drought performance, in terms of survival, under relatively mild drought conditions may not predict their performance under extreme drought. For example, Engelbrecht and Kursar (2003) compared drought performance among species by excluding water from seedlings planted in a forest understory. After 22 weeks, topsoil in the droughted plots reached −2.5 MPa. Hymenaea seedlings had high drought performance; their survival rate in droughted plots was not significantly different than in watered control plots (60% vs 77% survival; Engelbrecht and Kursar 2003) . These results contrast with mine from the drought vs watered treatments (25% vs 100% survival; Chi-square test, P = 0.01). It appears that Hymenaea survives relatively mild drought well, but its performance under extreme drought is much worse. This is likely the case for all species in which Ψ stem tracks Ψ soil . However, for desiccation-avoiding species such as Bursera, Cavanillesia and Cedrela, drought intensity does not appear to affect drought performance, at least within relatively extreme conditions imposed in the current experiment. In order to predict how forests will respond to climate change, understanding variability among species in their ability to regulate Ψ stem under extreme drought may be more important than quantifying safety margins or drought performance under normal dryseason drought conditions. Asterisks indicate that the slope is significantly different from unity; *P < 0.05; **P < 0.01; ***P < 0.0001. In panels a-d, slopes <1 indicate that taproots release less water than stems during droughts. In panels e-h, slopes >1 indicate that bark releases more water than xylem during drought. Note that axes ranges vary among panels, reflecting differences in plant size among species.
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Low root surface area as a mechanism to slow water loss
Cavanillesia and Cedrela had lower LRA in the drought treatment compared with the reference plants (Figure 3) . Although the other desiccation-avoiding species, Bursera, did not have lower LRA in the drought treatment compared with the reference plants, it had very low LRA, even when accounting for its small basal diameter ( Figure 3 , Table 2 ). It is unclear why Bursera saplings had such low LRA. They also had the lowest total biomass and A area (Table 1) . Bursera is a strict pioneer species that may have been light-limited during the experiment. Although these plants appeared healthy, one hypothesis is that, at the experiment's initiation, the Bursera saplings were not healthy. Nonetheless, Cojoba showed a strikingly different pattern than the desiccation-avoiding species by having substantially higher LRA per basal area in the reference plants (Table 2) , and then nearly doubling LRA in the drought treatment (Figure 3) . Root growth in response to drought is commonly observed in crop plants and has been interpreted as a desiccation-avoidance strategy because it facilitates water uptake, which, when combined with reduced transpiration through stomatal closure, helps to maintain plant-water status (Verslues et al. 2006) . However, when Ψ soil is too low for plants to extract water, high root surface area is disadvantageous because roots may leak water into the soil, speeding plant desiccation (Holbrook 1995) . Thus, by growing lateral roots in drying soil, Cojoba relies on the Ψ soil within its rooting zone to remain within the range at which it can extract water. Cojoba is able to extract water from relatively dry soil (e.g., P80 = −5.75, Table 3 ; see also Kursar et al. 2009 ), so under normal dry-season conditions this strategy appears adaptive. However, under the extreme drought in the drought treatment, the increased LRA likely leads to higher water-loss rates for Cojoba, and ultimately to its high mortality rate compared with the desiccation-avoiding species. Indeed, Genipa and Hymenea had the highest LRA per basal area among species (Table 2) , which likely contributed to their high drought mortality.
For Cavanillesia and Cedrela, reduced LRA in the experimental treatments compared with the reference plants likely reflects root dieback and abscission. This represents a form of plant segmentation, whereby organs located peripherally on the plant (lateral roots) are lost, slowing water loss from the remaining organs (taproot and trunk), which are more costly for the plant to replace if they are damaged by desiccation (Alder et al. 1996, Tyree and Zimmermann 2002) . Additional responses that I did not measure may have also contributed to slow water loss, such as root shrinkage (Nobel and Cui 1992) and suberization (Lo Gullo et al. 1998) .
Root dynamics in response to drought have rarely been reported for tropical trees, yet Rojas-Jiménez et al. (2007) found that the density of live fine roots decreased and the density of dead fine roots increased under Enterolobium cyclocarpum trees during the dry season in a Costa Rican dry forest. Enterolobium cyclocarpum is more resistant to xylem cavitation than Bursera and Cavanillesia; its P80 is ca −3.2 MPa (Brodribb et al. 2003) , but like Bursera and Cavanillesia, it generally sheds its leaves and replaces them during the dry season (Rojas-Jiménez et al. 2007 ), so it is unclear how common seasonal reduction in LRA is among species or which traits are associated with this behavior. In a Costa Rican dry forest, Powers and Peréz-Aviles (2013) found no pattern for increased or decreased fine-root density during the dry season compared with the wet season among soil Solid symbols indicate predicted LRA at the mean stem basal area in the drought treatment, where pairwise comparisons were made. Treatments that share letters do not differ significantly (Tukey HSD, P > 0.05). Note that axes ranges vary among panels, reflecting differences in sapling size and LRA among species.
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cores randomly placed within samplings plots. This may indicate that species that grow lateral roots in response to drought and those that shed them balance out the community-wide density of fine roots. Unlike LRA, all species had reduced leaf area in the drought treatment (Figure 4 ). Among dry forest species, the timing of leaf shedding was recently observed to be associated with Ψ stem approaching P50 (Wolfe et al. 2016) . The experimental results support this association. For example, while Cojoba did not approach P50 or shed leaves during seasonal droughts (Wolfe et al. 2016) , it did both in the experimental drought treatment (Table 3, Figure 4 ). Furthermore, all species maintained leaves in the watered treatment (Figure 4) , suggesting that plant-water status rather than other cues (e.g., day length and leaf age) triggers deciduousness. However, the mechanisms that lead to leaf senescence and abscission during drought are complex and poorly understood (Schippers et al. 2015) .
Stored water buffers plant-water status
Saplings in the drought treatment released more water from their stems than saplings did during a normal dry season in seasonally dry forests, but the difference between saplings in the forests and drought treatment was much lower for Bursera and Cavanillesia (50.3 and 45.9 kg m −3 , respectively) than for Cojoba (248.9 kg m −3 ) (Table 3 ; Wolfe and Kursar 2015) . Apparently, Bursera and Cavanillesia lost less water than Cojoba in extreme drought due to the water-conserving responses described above. Furthermore, Bursera and Cavanillesia have higher stem capacitance than Cojoba, resulting in lower ΔΨ stem per unit water loss (Wolfe and Kursar 2015) . However, Bursera and Cavanillesia still had higher stem WR FV in the drought treatment than in a normal dry season, suggesting that their water-loss rate is dependent on soil aridity. Thus, desiccationavoiding species are at risk of desiccation in droughts that are more intense or longer than that of the drought treatment in this experiment. Quantifying the drought conditions under which desiccation-avoiding species can survive will require a better understanding of the factors that determine their water-loss rate and the maximum amount of water loss that they can sustain without dying.
There was no convergence among species in the organ (stem vs taproot) or the tissue (bark vs xylem) from which more water was released in response to drought (Figure 2) . However, none of the species released more water from the taproot than from the stem (Figure 2a-d) , suggesting that the taproot is not a particularly important storage organ for saplings of these species. Although taproots are commonly implicated as important storage organs for seedlings (e.g., Poorter and Markesteijn 2008) , as trees grow, their root mass becomes smaller relative to stem mass (Tomlinson et al. 2013) . The saplings in this experiment may have outgrown the stage at which taproots are more important than stems as sources of stored water during drought. Wolfe and Kursar (2015) found that xylem RWC did not change between the wet and dry seasons for saplings in the dry forest where seeds were collected for the saplings in this study, including Bursera and Cojoba. In contrast, all species had lower xylem RWC in the drought treatment than in the reference plants and watered treatment (Figure 1 ). It is possible that saplings do not lose water from xylem during normal dry season droughts, but only during extreme droughts. Consistent with this, Zweifel et al. (2000) found that as stems of Picea abies (Norway spruce) dried, water was released only from the bark until a Table 2 . Functional traits among the study species. Values are mean ± SE, n = 8, except for CO 2 assimilation rates (A area and A mass ), where n = 4. P value refers to the ANOVA test for a difference between desiccation-avoiding species and desiccation-susceptible species. P values <0.05 are in bold. LRA:BA is lateral-root surface area per stem basal area. Stem and leaf growth refer to the watered treatment. Leaf retention time refers the drought treatment. 49 ± 5 4 1 ± 2 2 0 ± 2 6 6± 5 3 0± 2 6 4± 3 0.27
Tree Physiology Online at http://www.treephys.oxfordjournals.org transition point of Ψ stem at which water was released from both bark and xylem. For P. abies, the xylem began to release water near to the Ψ stem at which cavitation began to occur. It is possible that the experimental saplings passed this transition point and began to release water from the xylem as the drought progressed. In any case, during extreme drought, water stored in both the bark and the xylem appears to be important for buffering Ψ stem .
Functional traits associated with desiccation avoidance
There is much interest in using functional traits to predict community responses to novel disturbances such as extreme droughts associated with climate change (Lavorel and Garnier 2002) . In this study, the desiccation-avoiding species (Bursera, Cavanillesia and Cedrela) shared several functional traits that were not found in the desiccation-susceptible species (Cojoba, Genipa and Hymenaea), suggesting that combinations of certain traits can predict performance during extreme drought (Table 1 ). The desiccation-avoiding species had low wood density, similar to the 'deciduous light-wood' or 'stem-succulent' species from a Costa Rican dry forest described by Borchert (1994) . There, during the dry season, stem-succulent species, including Bursera, maintained high Ψ stem and stem water content (Borchert 1994) . Likewise, in an experiment with potted dryforest seedlings, Pineda-García et al. (2013) found that, among species, the disequilibrium between Ψ soil and Ψ plant decreased as a function of wood density. Although low wood density is associated with vulnerability to cavitation (Hacke et al. 2001) , among tropical dry-forest tree species it also appears to be associated with better regulation of Ψ stem during extreme droughts. Species with low wood density tend to have higher capacitance, which could help regulate Ψ stem (Meinzer et al. 2003, Wolfe and Kursar 2015) . However, in my study, the species with low wood density (i.e., high capacitance) lost relatively little water ( Table 3 . Water relations in the experimental drought treatment compared with dry-season values for saplings growing in the forests of provenance of the experimental saplings. P80 is the stem water potential associated with an 80% loss of hydraulic conductivity (Wolfe et al. 2016 ). In the forests, Ψ stem and stem water released per FV (WR FV , see Materials and methods) were measured at predawn (Wolfe and Kursar 2015) . The safety margin is calculated as the difference between Ψ stem and P80. Values are mean ± SE, n = 4 for forest, n = 8 for experiment. NA indicates missing values because Genipa had 100% mortality in the experimental drought treatment. Cedrela and Hymenaea were not measured in the forest understories. associated with high wood density (Hoffmann et al. 2011 , Kukowski et al. 2012 ). Since species with low wood density must avoid equilibrium with Ψ soil even during relatively mild droughts, when droughts progress to be extremely dry, these trees likely have already gone into a dormant state with low gas exchange and water loss, which protects them from desiccation. However, in pan-tropical and global analyses, angiosperm species with lower wood density tend to have higher drought mortality than species with higher wood density (Phillips et al. 2010 , Anderegg et al. 2016 . Reconciling these apparently contradictory observations will require more research. It is striking that the desiccation-susceptible species shed their leaves at similar rates to the desiccation-avoiding species, revealing that leaf shedding did not protect them against desiccation. Similarly, during the dry season in the forest understory, Genipa saplings declined in Ψ stem after shedding all their leaves; however, in the milder seasonal drought, they did not experience mortality (Wolfe et al. 2016) . In order for deciduousness to protect trees from desiccation during extreme drought, it appears to require coordination with root shedding or at least low LRA during drought (Figure 3) . The desiccation-avoiding species also had lower LRA than the desiccation-vulnerable species in the pre-drought reference plants (Table 2) . Since desiccationavoiding species maintain photosynthesis only when soils are well hydrated, they can likely invest less in LRA without risk of incurring a hydraulic bottleneck at the root surface (Sperry and Love 2015) .
Conclusions
When tropical tree saplings were subjected to extremely dry soil, some species survived by isolating Ψ stem from Ψ soil , i.e., desiccation avoidance. Other species were susceptible to desiccation; they reached low Ψ stem and experienced high mortality. Thus, the ability to isolate Ψ stem from Ψ soil appears to be the main determinant of survival when saplings cannot access soil water. This ability was associated with water storage and retention conferred through traits such as low tissue density, low leaf-mass fraction, low LRA and lateral-root dieback. These results highlight a trade-off that is likely pervasive where Ψ soil is occasionally very low. Desiccation tolerance (i.e., low P80) vs desiccation avoidance leads to a trade-off between productivity during mild droughts (when species with low P80 can still access soil water) and survival during extreme droughts (when species with high water storage and retention avoid desiccation). Furthermore, a lack of productivity may lead desiccation-avoiding species to carbon-starvation or pest-driven mortality during extended droughts, even if they are mild (McDowell et al. 2008) .
